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A I] S T R A C T  It is now quite proper to speak of an "active site" or "center" 
in  (or on)  a  number of hydrolytic enzymes, chymotrypsin in particular.  Such 
sites  have been clearly demonstrated and  in  some cases  they have even been 
investigated in detail. We are almost persuaded that they are the actual loci of 
enzyme activity in nature. Whatever we think of them, we do know that they 
are "some peculiar arrangement of amino acids"  (2 a). 
INTRODUCTION 
The isolation and discovery of chymotrypsin and its mother protein chymo- 
trypsinogen (I) are together a classic  example of the effectiveness  of  crystalliza- 
tion as a means of separating and purifying proteins. These two substances 
were destined to add greatly to our knowledge of the nature and properties 
of hydrolytic enzymes. Chymotrypsin proved to be easily obtainable in large 
quantities and in satisfactory  purity. Although it is not a notably pure protein, 
it contains no impurity whose  origin is not also the zymogen, chymotrypsin- 
ogen. There  is  no  possibility for  appreciable  contamination  by  another 
enzyme. 
Immediately following their discovery, these substances played a  most im- 
portant part in the identification of the catalytic properties of enzymes with 
their  protein structure  (9  b).  Nevertheless,  the mere fact that something was 
found to be protein could well leave us "just about as wise as we were before'" 
when it came to explaining the mechanism of enzymic catalysis.  The protein 
nature of enzymes contributed neither to the acceptance nor to the rejection 
of the relatively new doctrine of an "active center" as the seat of enzymatic 
properties. This idea had proved attractive to students of enzyme action ever 
since the work of Michaelis and Menten (3) offered the alternative of a  more- 
or-less "chemical" union of enzyme and substrate to the specific surface phe- 
1A remark made by J. H. Northrop to the author in 1931. 
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nomena invoked by Bayliss  (4). ~ However, the idea of an active center did 
receive very definite support with the isolation in Warburg's laboratory (5) 
(the first by Theorell in  1934 (6)) of several enzymes of hydrogen transport 
in alcoholic fermentation. Each of these consisted of a  protein attached to a 
more-or-less easily dissociable group,  the coenzyme, that was obviously the 
seat of hydrogen transfer. 
The gleeful criticism of Willst~itter's  error that enzymes were not in  the 
known categories of biological materials (5)  has somewhat obscured the fact 
that these newly isolated dehydrogenases bore more than casual resemblance 
to Willst~itter's  picture of a colloidal carrier and a dissociable active group (7). 
But so far as  the hydrolytic enzymes were concerned, one was certainly no 
wiser than  before,  although more and more examples of this  species were 
being isolated. Despite every effort, no evidence for the existence of an "active 
group" was found. On the contrary, the protein structure and the enzymic 
properties were not to be separated. The return of denatured protein in a hot 
solution  to  its  native state on cooling the  solution was  accompanied by a 
proportional  return  of  enzymatic  activity  (2 b).  Furthermore,  individual 
amino acids of the enzyme protein began to be implicated. Thus Herriott and 
Northrop  (8)  found that when pepsin was progressively acetylated a  loss of 
activity followed the acetylation of tyrosine but not of lysine. Herriott also 
showed that the integrity of some tyrosine was essential, for iodination of the 
tyrosine ring destroyed activity (9).  Later Fraenkel-Conrat et  al.  prepared 
acetylated trypsin that was still active, but could no longer be inhibited by 
the tryptic inhibitor ovomucoid (10). 
Thus some amino acids were obviously more critical than others for the 
proteolytic activity of pepsin or trypsin. As late as  1948 the only reasonable 
conclusion to be drawn about any hydrolase was that "the activity appears to 
depend upon some peculiar arrangement of amino acids"  (9 a).  And there 
the matter continued to rest. 
Chymotrypsin was the first hydrolytic enzyme to offer promise of further 
information  concerning such  a  "peculiar  arrangement."  Its  behavior  on 
phosphorylation and acylation seemed to furnish a  clue that,  in any event, 
has been popular.  It would be manifestly impossible to discuss in this space 
the work recorded in the last few years. The present paper is limited largely 
to the early studies on the acylation of chymotrypsin by our group at Purdue. 
The first work on the phosphorylation of chymotrypsin and other esterases by 
Jansen, Jang,  Nutting,  and  the  author has  been reviewed by Jansen  and 
myself (11) as well as by others. It requires only a brief summary here. 
How long will it be before both a  structural and a superficial factor will be needed to explain the 
facts? Is enzyme action to be likened to an earthquake, which to be sure has a  center--beneath the 
surface--but also  an  epicenter  on  the surface.  The latter  often  appears to be the locus of widest 
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MONOPHOSPHORYL  CHYMOTRYPSIN$  3 
Chymotrypsin reacts  stoichiometrically with a  number of phosphate esters, 
of which diisopropyl fluorophosphate  4 is an example, in a  rapid reaction that 
results  in  the  complete destruction of all  its  known  enzymatic  properties. 
The phosphate inhibitors are all of the general type 
RO  O(or S) 
P 
/\ 
RO  Acyl 
where R is an alkyl or an aryl group and "aeyl" may be one of many acidic 
groups such as  halogen,  nitrophenyl, or  another esterified phosphoric acid 
moiety (thus forming a  pyrophosphate). The reaction consists of the intro- 
duction of a  single phosphoryl group into a  molecule of chymotropsin with 
the liberation of the corresponding H-"Acyl."  It should also be noted that 
neither inactive  (denatured)  chymotrypsin nor any of its constituent amino 
acids react with DFP under the conditions employed for the inhibition of the 
enzyme  (Jansen  et  al.  (12)).  The  phosphorylated protein is  easily isolated 
as a  rule by crystallization.  It appears to be purer than the original protein 
since it lacks some impurities that accompany the latter. The 1 : 1 stoichiom- 
etry of the reaction is easily determined by the disappearance of DFP and by 
the composition of the end product formed. It therefore became clear that a 
very active locus, at least with respect to phosphorylation, existed in chymo- 
trypsin; moreover, the presence of this reactive site was obligatory if any en- 
zyme action were to occur. 
It was logical to assume that this locus was also a  site of enzyme activity; 
though the possibility remained that instead it constituted the site of a  stra- 
tegic,  steric blockade,  preventing the approach of the substrate  to the true 
catalytic center.  In any event, the actuality of such a  center seemed assured. 
MONOACETYL  CHYMOTRYPSIN 
The  ester-splitting activities of chymotrypsin and  of trypsin,  discovered by 
Schwert et al.  (13) are remarkably potent but are limited in each case to esters 
of a few amino acids and small peptides. A curious exception to this statement 
was  discovered  by  Hartley and  Kilby  (14). 5 Chymotrypsin was  found  to 
s Unless otherwise stated, the enzyme referred to as chymotrypsin was thrice crystallized o~-chymo- 
trypsin prepared from eight or nine times crystallized chymotrypsinogen (2 c). 
4 Hereinafter  referred to  as  DFP. 
5 Other  exceptions  are  now  fatty  acid  esters  of  o  and  rn-hydroxybenzoic  acids  (15)  and 
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hydrolyze p-nitrophenyl acetate.  Moreover, they observed that a  steady rate 
of hydrolysis occurred only after a rapid initial "burst" of activity. Still more 
important,  the  amount of nitrophenol liberated  rapidly  (during  the initial 
burst) was in a mole for mole relationship with the quantity of chymotrypsin 
present. In all probability the mole for mole reaction that took place between 
enzyme and substrate denoted the rapid formation of an intermediate acylated 
enzyme,  which  thereafter  decomposed more  slowly  into  acetate  and  free 
enzyme. 
Such a  monoacetylated chymotrypsin was in fact prepared  by Balls  and 
Aldrich  (17)  and  subsequently investigated in  some detail  (18).  As  in  the 
experiments made  with  DFP,  etc.,  no  reaction  took place  between  nitro- 
phenyl acetate and chymotrypsinogen or denatured chymotrypsin. However, 
Dixon,  Dreyer,  and  Neurath observed that  once the acetyl group  becomes 
attached to the protein, denaturation (urea) does not remove it (19). 
Monoacetyl  chymotrypsin is  moderately stable  in  weakly  acid  solutions 
but decomposes rapidly in alkaline media. Normally active chymotrypsin is 
thereby regenerated quantitatively.  Loss of the acetyl group occurs readily 
on dialysis or on storage in solution. Thus the existence of such a labile acetyl 
group would be apt to pass unnoticed during the usual procedures employed 
for  the  acetylation  of  proteins,  unless  special  precautions  were  taken  to 
observe it.  Thus,  Dixon  and  Neurath  (20)  found  that  acetyl  chloride and 
acetic  anhydride  may  serve  as  acetyl  donors  for  this  particular  group  in 
chymotrypsin.  In  contrast  to  the  inactivity of the  phosphorylated chymo- 
trypsins, however, the monoacetylated protein is still able to split nitrophenyl 
acetate,  the  rate  corresponding to  the  later  (slower)  stage  of the  original 
reaction. This accords with the behavior to be expected from an intermediate, 
but until it is decomposed the acetylated enzyme behaves toward a  rapidly 
hydrolyzable substrate as though it were completely inhibited. 
The  acetyl  group  also  reacts  readily  with  hydroxylamine,  not  only  in 
alkaline solution, but also at pH 5.5 (Fig.  I). This indicates that the potential 
"reactivity" of the acetyl in nitrophenyl acetate has been largely retained by 
the group in the protein. Further evidence of this is given by the tendency to 
react with primary alcohols. 
Monoacetyl chymotrypsin is  rapidly decomposed in  dilute  ethanol  with 
the  quantitative formation of ethyl acetate  (18).  Transesterification occurs 
much more  quickly  than  hydrolysis  to  acetate  ion.  Alcohols,  particularly 
straight chain alcohols, also greatly accelerate the breakdown of nitrophenyl 
acetate in the presence of chymotrypsin (21).  It is evident (Fig.  2)  that up 
to  the limit imposed by solubility, primary alcohols with long unbranched 
carbon chains reacted faster and were required in smaller concentration. A 
branch in  the carbon  chain proved definitely inhibitory.  The formation of 
another ester identified as n-propyl acetate was shown to occur at the expense A.  K.  BALLS  Quest  of Active Center in Chymotrypsin  51 
of nitrophenol  acetate in the presence of n-propanol.  It seems likely that  the 
other  alcohols  studied  also  underwent  like  transesterification  catalyzed  by 
chymotrypsin.  The  surprising  behavior  of n-pentanol  and  n-l-hexanol  indi- 
cates  a  greater  reactivity of the protein  with these  alcohols  than  with those 
of shorter  chain  length.  In  this  connection  it is of great interest  that  Isaacs 
and  Niemann  have recently observed that the transfer  of acetate to see-butyl 
alcohol is stereospecific (22). 
Further evidence that acetyl is transferred,  rather than liberated as acetate, 
rests on the fact that no significant quantity of acid is formed during the reac- 
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FIOURE l.  Yield  of hydroxamic acid from 25 mg of monoacetyl chymotrypsin on ex- 
posure for  10 min. to  1 •  hydroxylamine at room temperature  (18). 
tion.  It became of interest  therefore,  to see whether a  similar  transesterifica- 
tion  might  not  take  place  between esters  of tyrosine---so  called  "good  sub- 
strates" of chymotrypsin.  It will be recalled that for years alcohols have been 
known to inhibit the action of chymotrypsin,  as measured by the titration  of 
newly formed carboxyl groups.  It now appears  that  at least an  appreciable 
part of such "inhibition"  is owing to  the transfer  of the tyrosyl  group  (for 
example)  from one  alcohol  to another,  thus  obviating the formation  of new 
carboxyl groups.  As far as any measurement based on titration  is concerned, 
the  reaction  is  purely  a  "virtual"  one.  Thus  the  splitting  of tyrosine  ethyl 
ester  appears  to  be prevented  by the presence of n-butyl alcohol,  whereas in 
reality a  large concentration  of tyrosine butyl ester is built up at the expense 
of the ethyl ester.  The enzyme has by no means lost its activity.  (It may be 
noted that,  in comparable  concentration,  tertiary butyl alcohol,  which does 
not accept acetyl from nitrophenyl  acetate, also fails to prevent the formation 
of free tyrosine from tyrosine ethyl ester  (21).) 5 °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  45  "  I962 
OTHER  ACYLATED  CHYMOTRYPSINS 
Chymotrypsin  has  been  successfully  acylated  by  a  number  of nitrophenyl 
esters  whose acyl groups  differ widely in structure (23)from the monoacetyl 
derivative.  The rate at which chymotrypsin is acylated and the rate at which 
the acylated protein breaks down in aqueous buffer both vary with the nature 
of the substituting group. This is illustrated for four esters ofp-nitrophenol  in 
Pent. 
Hei//  But. 
/Straight chain 
~  n-propyl 
Ethyl 
~~  No  alcohol 
I  I  I  I 
2  4  6  8  I0 
Branched 
5>  CHOH 
HHpOHOH 
CH~)3C'OH 
No  alcohol. 
2  4  6  8  I0 
Minutes 
Flatrl~ 2.  Showing  the relative rates of  liberation of  nitrophenol fromp-nitrophenyl ace- 
tate (2.5 ~M) in 0.07 l~i phosphate buffer, pH 6.2, a-chymotrypsin 50 #g/ml (corrected for 
spontaneous decomposition). Concentration  of alcohol: methyl,  ethyl,  and  branched 
chain alcohols, 0.68 M. Other straight chain alcohols, 0.048 M (21). 
Fig.  3.  In  two cases,  acetate  and  isobutyrate,  the  two stages of the reaction 
were sufficiently different in speed to show definitely the formation of a mono- 
acyl derivative.  In  the  case of p-nitrophenol  trimethylacetate  only the  first 
stage--the formation of trimethylacetyl chymotrypsin---occurred,  because of 
the greater stability of the latter substance owing perhaps  to what one  calls 
"steric  hinderance."  It  would  probably  be  an  equally  proper  assumption 
that  the reactivity of p-nitrophenyl  hippurate  is  owing to the peptide link. 
The  relative  rates  at  which  some  acylated  chymotrypsins  decompose in 
aqueous solution at  28 ° and  pH 6.2 are shown in Table I.  An approximate 
value of L-tyrosine ethyl ester is also given.  It will be noted that such a  wide 
variation in the stability of these substances almost bridges the gap between a A.  K.  BALLS  Quest  of Active Center in Chymotrypsin  53 
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FmURE 3.  The rate of reaction  (liberation  of nitrophenol)  between chymotrypsin and 
several nitrophenyl esters. Corrected for the spontaneous decomposition of the substrate, 
which was in all cases practically  negligible. The system consisted of 10.0 ml of 0.07 
~a phosphate,  pH 6.2, containing 4.5 mg (0.18 t~mole) of cz-chymotrypsin and substrate 
as below. Temperature, 28 °. x, p-nitrophenyl  hippurate (2.0 #moles), o, p-nitrophenyl 
acetate  (2.5 /~moles), A, p-nitrophenyl isobutyrate  (2.5 /~moles); []  =  p-nitrophenyl 
trimethylacetate (1.0 /~mole) (23). 
first class  inhibitor like DFP,  and  a  substance  like p-nitrophenyl hippurate, 
which is not a  poor substrate. 
The  stability of trimethylacetyl chymotrypsin is  sufficient to  permit  it  to 
be crystallized from ammonium sulfate solution under the conditions usually 
TABLE  I 
RATE  OF  HYDROLYSIS  OF  SEVERAL  ACYL 
CHYMOTRYPSINS  AT  28 °,  pH  6.2 
Relative  rate 
Acyl  group  Rate  (Acetyl = unity) 
lunolas/mln.]n~ 
Trimethylacetyl  8.4  X  10  -s  0.032 
Isobutyryl  9.6  X  10  .4  0.37 
Acetyl  2.6  X  10  -s  (1.00) 
Hydrocinnamyl  4.1  X  10  .2  16 
Hippuryl  0.27  100 
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employed with chymotrypsin itself.  Repeated recrystallization, however, leads 
to decomposition and  the appearance of active enzyme. Rapid reactivation 
requires a high pH level (7.6) and part of the enzyme is lost during the process. 
A  high concentration of glycerol prevents this loss.  As  with other acylated 
chymotrypsins,  activity  is  recovered  by  treatment  with  hydroxylamine. 
However, the recovery is slow unless the pH is 6-7. 
SOME  REGENT  DEVELOPMENTS 
The location of both acetyl and dialkyl-phosphoryl groups has been identified 
as the O  of a  particular serine residue. This was demonstrated for the phos- 
phoryl group by the work of Schaffer et al.  extending over several years (24) 
and  confirmed  (to  this  extent)  by  Oosterbaan,  Kunst,  and  Cohen  (25). 
Studies by Oosterbaan and van Adrichem (26) on monoacetyl chymotrypsin 
reveal that the  acetyl  group  occupies  the same situation  as the phosphoryl 
group in the phosphorylated protein, thus indicating the similarity of the two 
reactions.  More  surprising,  however,  is  the  resemblance  between  chymo- 
trypsin and an ever lengthening list of other enzymes in which serine is phos- 
phorylated by DFP. Boyer (27) has listed no fewer than eleven such enzymes. 
In three of them, trypsin, chymotrypsin, and  thrombin, the reactive serine 
occurs in the same amino acid sequence: -gly-asp-ser (DIP)-gly. The increas- 
ing scope and speed possible with modern techniques will very likely add more 
examples to this list soon. There seems no longer to be any question but that 
the most stable resting place of the phosphoryl (or acyl) group is this unique 
serine residue. The almost invariable juxtaposition of serine and either aspartic 
or glutamic acid is noteworthy in these sequences. It is discussed by Cohen 
et al.  (28). Yet the unexpected reactivity toward phosphorylation and acetyla- 
tion shown by one serine moiety among many is not easily explained. Neither 
serine  itself nor  serine  peptides  isolated  after  hydrolysis  (28)  react  with 
p-nitrophenyl acetate,  so the presence of some activating group such as  the 
imidazole of a  histidine residue has been postulated. Moreover, before serine 
was  established  as  the  (stable)  point of attachment,  many people  (among 
them this author) had considered histidine to be the most probable anchorage. 
This opinion was based largely on the findings of Weil, James, and Buchert 
(29)  that light gradually inactivated chymotrypsin. The extent of inactiva- 
tion was paralleled by the extent of destruction of one of the two histidines in 
the  molecule,  and  also  paralleled  by  a  corresponding loss  of reactivity  to 
DFP. A similar paraUelism between loss of enzymic activity, loss by reactivity 
to DFP and the fraction of histidine that had reacted with 2,4-dinitrofluoro- 
benzene was observed by Whitaker and Jandorf (30). In any proposed mech- 
anism of catalysis, these observations also require an explanation. 
To  meet  this  condition,  a  number  of plans  have  been  proposed  which A.  K.  BALLS  Quest  of Active Center in Chymotrypsin  55 
postulate an active site involving both a  serine and a  histidine moiety (Dixon 
and  Neurath  (31);  Cunningham  (32);  Marini  and  Hess  (33)).  But  in  the 
peptide sequence now known for chymotrypsin no histidine is very close to 
the active serine, so a fold in the structure is assumed to bring these two amino 
acids close together. Then if the protein is denatured,  the consequent unfold- 
ing would sever their connection. This would at least explain the important 
observation of Dixon, Dreyer, and Neurath  (19)  that the acetyl group which 
is so easily removed from monoacetyl chymotrypsin by hydroxylamine is no 
longer removable when the protein is denatured in strong urea solutions  (in 
which  condition,  by  the  way,  it  is  unable  to  accept  an  acetyl  group  from 
p-nitrophenyl acetate).  However, if the urea solution is diluted with water so 
that  the  protein  reverts  to  its  native  form,  the  lability  of the  acetyl  group 
toward hydroxylamine returns. 6 
A  further condition for a  tenable scheme of catalytic action is that it must 
also provide an explanation of the rapid catalysis of transesterification between 
nitrophenyl acetate and aliphatic alcohols.  This must involve a  site  (or sites) 
where the acetyl group is readily available,  and where a  preference exists for 
the reaction of primary alcohols of intermediate chain length. 7 
It is only in the transfer of the acetyl group from chymotrypsin to alcohols 
that any suggestion of specificity has so far  been found.  Yet  the demonstra- 
tion of some form of specificity is almost a requirement if the acylated enzyme 
is to be thought of as analogous (in principle) to an intermediate formed with 
a  "natural"  substrate  such  as  a  protein.  Thus  the  recent  observation  of 
Isaacs  and Niemann  (22)  that chymotrypsin shows optical  specificity in the 
transfer of acetyl to sec-butyl alcohol, is a  most important discovery. 
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